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Palatini f(R) gravity in the solar system: post-Newtonian equations of motion and
complete PPN parameters
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We perform a post-Newtonian (PN) solar system analysis for Palatini f(R) theories considering
finite volume non-spherical planets and with emphasis to f(R) functions that are analytical about
R = 0. First we consider the Will-Nordtvedt parametrized post-Newtonian (PPN) formalism,
from which the metric is shown to depend, in general, on terms not covered by the standard PPN
potentials. Hence, a full analysis of the PN equations of motion is performed. From the latter we
conclude that, apart from redefinitions on the internal energy and the pressure, which cannot be
constrained by solar system tests, the center-of-mass orbits are the same as in general relativity. We
discuss further the physics of these redefinitions and use an argument to extend our analytical f(R)
results towards some non-analytical functions.
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I. INTRODUCTION
General relativity (GR) has passed many tests at astro-
physical scales and is the standard gravitational theory.
Nonetheless, in spite of its success, it is relevant to con-
sider variations on the basic assumptions of a physical
theory, opening the way for further developments. f(R)
gravity theories constitute a simple extension of GR: they
change the linear dependence on the Ricci scalar R, at
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the Lagrangian level, to an arbitrary function of R. Al-
though simple, f(R) theories introduce qualitative nov-
elties. The first of them is the breaking of the correspon-
dence between the metric and the Palatini formalisms of
GR. The Palatini approach uses an affine connection that
is a priori independent from the metric. It is well known
that, for a linear f(R) function, whenever the matter sec-
tor does not depend on the affine connection, the metric
and Palatini formulations coincide. However, for nonlin-
ear f(R) functions, these approaches lead to remarkably
different dynamics. In any spacetime region without mat-
ter, Palatini f(R) can be shown to be equivalent to GR1,
their differences may only reside inside matter distribu-
tions.
Several astrophysical aspects of Palatini gravity were
considered in the literature, such as black holes [1–6],
wormholes [7–9] and stellar objects [10–14]. Although
problems for stars in Palatini f(R) gravity were reported
[15–18], these issues depend on matter assumptions that
need not to be true [19–22]. It was also discussed in
[23] that the initial value problem is well-formulated
when standard matter sources are present, while the well-
posedness of the Cauchy problemmust be considered case
by case.
For solar system physics, the simplest test consists of
modeling the Sun as a central mass and treat the plan-
ets as test particles. Since Palatini f(R) is equivalent to
GR in vacuum, the spacetime solution is Schwarschild-
de Sitter, and the test particles will follow standard
geodesics (these results are reviewed in Section II). Hence
the parametrized post-Newtonian (PPN) approach of
Eddington-Robertson-Schiff, which is based on the met-
ric solution in vacuum, with the planets as test parti-
cles, yields the same predictions of GR. That is, in this
context, no constraints on the function f(R) are found,
apart from possible constraints due to the cosmological
1 For clarity, in this work we consider that the cosmological con-
stant is part of GR.
2constant [24]. However, this test is neither robust nor
precise since it depends on a very particular geometrical
setting. It is interesting that GR happens to yield the
same orbits for both test particles and for the center of
mass of finite volume planets; but this property does not
hold in general for alternative theories of gravity [25–27].
A more robust and precise way to confront theory with
observational data is through the Will-Nordtvedt PPN
formalism [27, 28]. It is based on perfect fluids, not on
point particles; hence planets are finite-volume objects
with finite density. This framework assumes an asymp-
totically flat space and considers a post-Newtonian (PN)
metric written as an expansion on powers of v/c (i.e.,
the ratio between the velocity field magnitude v and
the speed of light c). This expansion depends on grav-
itational potentials whose dimensionless coefficients, the
PPN parameters, can be constrained by observational
data. The number of gravitational potentials considered
by this PPN approach is limited, this due to practical
reasons. Consequently, although the formalism is suffi-
ciently general to include GR and a variety of modified
(or extended) gravity theories (e.g., some scalar-tensor
theories, bi-gravity models [28], a class of renormaliza-
tion group-based extensions of GR [29]...), there are yet
several examples of theories that are not covered by the
formalism, such as Horndeski [30] and general f(R) the-
ories [31, 32]. When facing a theory with potentials not
covered by the standard PPN approach, one cannot in-
fer physical bounds from the values of the standard PPN
parameters that appear in the theory, this since the addi-
tional potentials may influence the values of the standard
PPN parameters. Therefore, if additional potentials ap-
pear, it is safer to consider physical bounds directly based
on the PN field equations. The latter is the approach that
we use here. We are not aware of other works on Palatini
f(R) gravity that evaluate physical constraints directly
from the field equations.
Instead of trying to uncover the PPN bounds for an
arbitrary f(R) theory, we concentrate on precise state-
ments that can be drawn from a relevant class of func-
tions, which is composed by f(R) functions that are an-
alytical about R = 0 (i.e., those that can be Taylor
expanded about zero). Therefore, models that include
terms like 1/R, which have attracted considerable atten-
tion in the past due to its possible dark energy implica-
tions (see [33] for a review), are not our main concern
here. Analytical f(R) functions lead to metric expres-
sions that are closer to the standardWill-Nordtvedt PPN
formalism, which allow us to do a detailed PN analy-
sis that was not done before. Also, from that analysis,
we further detail here an interpretation of some Palatini
terms that appear in the metric. Curiously, our detailed
PN analysis, together with its corresponding physical in-
terpretation, does not lead to stronger bounds, but to the
absence of bounds coming from the solar system analy-
sis. We also consider laboratory fluid tests, which were
commented in [32] as a Palatini f(R) gravity test, but we
find that the constraints from such tests depends on the
physical interpretation of some terms, and we argue in
favour of an interpretation that leads to no such bounds.
II. PALATINI f(R) GRAVITY REVIEW AND
POINT-PARTICLE PLANETS
The f(R) gravitational theories using Palatini ap-
proach considers spacetime metric gµν and affine con-
nection Γλµν as independent objects of a manifold, which
we consider torsionless (i.e., Γλµν = Γ
λ
νµ)
2, which is the
most studied case. For a given vector field Aσ, the Rie-
mann tensor Rλµσν is defined by R
λ
σµνA
σ = [∇µ,∇ν ]Aλ,
where ∇µ is the covariant derivative based on the affine
connection Γλµν . The Ricci tensor and Ricci scalar are re-
spectively given by Rµν ≡ Rλµλν and R ≡ gµνRµν . Since
gµν and Γ
λ
µν are not assumed to be compatible, contrary
to Riemannian geometry, ∇µgνλ 6= 0. The action for
Palatini f(R) gravity with matter is
S[g,Γ,Ψ] =
1
2κ
∫
f(R)
√−g d4x+ Smatter[g,Ψ], (1)
where κ is some coupling constant, Ψ represents an ar-
bitrary set of fields that describe any other interactions
apart from gravity. One could generalize the matter ac-
tion Smatter above to include a dependence on Γ. Such
extension is expected to be relevant in the context of
fermionic interactions, not in the context of large scale
classical fluids, hence we will not consider it.
The action variations with respect to g and Γ lead
respectively to
f ′(R)Rµν − 1
2
f(R)gµν = κTµν , (2)
∇λ
(√−gf ′(R)gµν) = 0 . (3)
Similarly to GR, the action variation with respect to
Ψ, together with diffeomorphism invariance of Smatter, im-
plies that
∇µCTµν = 0 , (4)
where
Cλµν =
1
2
gλσ (gµσ,ν + gσν,µ − gµν,σ) (5)
is the Christoffel symbol. The comas indicate partial
derivatives. This implies that test particles will follow
geodesics determined from the connection C, not the fun-
damental Γ connection.
A stronger similarity between Palatini f(R) gravity
2 See [33] for a review on the case with torsion.
3and GR come from the trace of eq. (2),
f ′(R)R − 2f(R) = κT , (6)
which shows that R can be algebraically expressed as a
function of T . This is in contrast to the metric f(R)
case, in which the relation between R and T comes from
a differential equation, implying an additional degree of
freedom. In general, eq. (6) will have more than one R
solution for a given T . For Tµν = 0, one finds T = 0
and R must be a constant. Let Rs denote one of the
Ricci scalar solutions, indexed by s, in a spacetime region
with Tµν = 0. We consider that f
′(Rs) 6= 0, otherwise
there would be no relation between the metric and the
connection at the field equations level [34]. Hence, from
eq. (6),
f ′(Rs)Rs − 2f(Rs) = 0 (7)
and the field equation (2) becomes
Rµν(Γ) =
1
4
gµνRs . (8)
The dependence on Γ was written to recall that the above
is a differential equation for Γλµν , not for the metric. From
eq. (3), one can write the above as a differential equation
for a metric gµν that satisfies ∇λgµν = 0, namely
gµν = f
′(R) gµν . (9)
This implies that Γλµν can be interpreted as the Christof-
fel symbol of the metric gµν ,
Γλµν =
1
2
gλσ
(
gµσ,ν + gσν,µ − gµν,σ
)
. (10)
Hence eq. (8) can be written as differential equation for
gµν , as follows (see also [34]),
Rµν(g) =
1
4
gµν
Rs
f ′(Rs)
. (11)
For GR in vacuum and using gµν as the metric, the
Einstein field equation can be written as Rµν(g) = gµνΛ.
Therefore, by identifying an effective cosmological con-
stant as
Λeff =
1
4
Rs
f ′(Rs)
=
f(Rs)
2f ′2(Rs)
, (12)
one finds that, in vacuum, Palatini f(R) gravity and
GR have the same field equations and the same geodesic
equations.3 One also notes that, in order to find Λeff = 0,
it is sufficient and necessary that Rs = 0 or, equivalently,
3 For GR the geodesics are found from the Christoffel symbol as-
sociated to the same metric that appear in the field equations
(gµν), denoted by Γ
λ
µν(g). For Palatini, the connection to be
that f(Rs) = 0.
The above conclusions imply that, in case the Sun is
assumed to be spherically symmetric and the planets are
considered test particles, the metric solution outside the
Sun is a Schwarschild-de Sitter solution. In this case,
the single non-trivial constraint possible to be applied to
Palatini refers to a bound on the value of Λeff, and conse-
quently on Rs/(2f
′(Rs)). Such bound only implies that
Λeff . 10
−43 m−2 [24]. We remark that this bound can-
not be found from Will-Nordvedt PPN formalism, since
the latter assumes that the space is asymptotically flat.
In this context of point particles, and considering that
Λeff is dynamically irrelevant, the Eddington-Robertson-
Schiff parameters γERS and βERS are both equal to 1, just
like GR.
III. POST-NEWTONIAN EXPANSION AND
POTENTIALS
As nicely summarized in Ref. [35], “Post-Newtonian
theory is the theory of weak-field gravity within the near
zone, and of the slowly moving systems that generate it
and respond to it”. It is suitable to describe solar sys-
tem dynamics and compare theoretical predictions with
experiments and observational data. To implement this
framework to Palatini f(R), we follow Refs. [27, 28, 35].
In this section, we first present a systematic review of the
PN approximation and then apply it to Palatini gravity.
The metric is expanded about a flat spacetime,
gµν = ηµν + hµν , (13)
where ηµν is the background Minkowski metric and hµν
contains all the perturbations. The matter content is
described by a perfect fluid, using c = 1,
T µν = (ρ+ ρΠ+ p)uµuν + pgµν , (14)
where ρ is the mass density, Π is the fluid’s internal en-
ergy per unity of mass, p is the pressure and uµ = u0(1,v)
is the four-velocity of the fluid. The components of the
stress-energy tensor can be expanded in orders of v, tak-
ing into account also that p/ρ ∼ Π ∼ O(2) for the typical
matter in the solar system. Here and after, we use the
notation O(N) to represent quantities of order vN . Time
derivatives count as one order increase since the dynam-
ical time scale in solar system is governed by the motion
of planets, i.e. ∂0 ∼ O(1). The fluid dynamics is sub-
jected not only to eq. (4), but also to the conservation of
rest mass density,
∇µ(ρuµ) = 0 . (15)
used is the Christoffel symbol of a conformally related metric,
Cλµν (g). Since, in vacuum, g¯µν and gµν only differ by a constant
conformal rescaling, these connections coincide Γλµν = C
λ
µν .
4This equation can be re-expressed as an effective flat-
space continuity equation as follows,
∂t(ρ
∗) + ∂i(ρ
∗vi) = 0, (16)
with Latin indices for the spatial components and
ρ∗ ≡ u0√−g ρ. (17)
Since ρ∗ is the conserved density, in the sense of (16),
it is more convenient to use it to express the energy-
momentum tensor components. As will become clear
later, having the gravitational potentials expressed in
terms of the conserved density will lead to an easy way
to integrate the equations of motion of massive bodies.
For any f(R) function that is analytic at R = 0, one
can write
f(R) =
∞∑
n=0
anR
n, (18)
where a0, a1, a2, ... are constants. In order to proceed
with PPN formalism, we impose that space should be
asymptotic flat, thus, from eq. (12), we find a0 = 0. Since
κ is arbitrary [see eqs. (1, 2)], without loss of generality
we can set a1 = 1. Therefore, since R is at least of order
two, eq. (6) can be written as
R = −κT +O(6). (19)
The a2 contribution cancels out from the above equation,
while an with n ≥ 3 only contributes to O(6) or higher
order. It is important to stress that, from the above
result, for analytic f(R) functions and up to the first PN
order, there are not many, but a single solution to eq. (7).
Moreover, since we have set a0 = 0, the single vacuum
solution for R is R = 0 +O(6).
With the above, eq. (2) can be expressed as
Rµν = κ
(
Tµν − 1
2
gµν T
)
+
+ 2κ2a2T
(
Tµν − 1
4
gµν T
)
+O(6). (20)
In what follows, we will solve the equation above, order
by order, to obtain the PN metric of the considered class
of f(R) Palatini gravitational theories. Following the
standard PN procedures, all geometrical quantities are
at least of order two. Moreover, h00 needs to be known
up to O(4), h0i up to O(3) and hij up to O(2).
A. Second order
We start by considering the leading terms in eq. (20).
In the right hand side, up to second order, gµν can be
replaced by ηµν , u
0 ≈ 1 due to the normalization of uµ
and ρ∗ ≈ ρ according to eq. (17). Consequently, the only
component of energy-momentum tensor to be considered
is T00 ≈ −T ≈ ρ∗ and one finds R0i ≈ 0. Therefore,
R00 =4πρ
∗ +O(4) , (21)
Rij =4πρ
∗δij +O(4) . (22)
In the above, and henceforth, we set the mass dimension
such that
κ = 8π. (23)
As previously introduced, the Ricci tensor is a function
of the connection Γλµν , which in turn can be expressed as
the Christoffel symbol of the auxiliary metric gµν . In-
stead of directly expressing Rµν as an expansion on hµν ,
it is convenient to first express it as an expansion on hµν ,
which is defined by
gµν = ηµν + hµν . (24)
By using eq. (9), one can finally express all the results
with respect to hµν . We take the opportunity to note
that the asymptotic flatness property of gµν is inherited
by the auxiliary metric gµν due to the analyticity of f(R).
Indeed, assuming that far away from the main system
(“at infinity”) we have vacuum, then R = 0 and f ′(0) =
14. Hence, eq. (9) implies that the asymptotic limits of
the metric and the auxiliary metric are identical.
The leading terms of Rµν (which are of second order)
are
R00 ≈ −1
2
∇2h¯00 , (25)
Rij ≈ 1
2
(
−∇2h¯ij + ∂ij h¯00 − ∂ij h¯kk + 2∂k(ih¯kj)
)
, (26)
with A(ij) ≡ (Aij +Aji)/2.
By combining eqs. (21, 22, 25, 26), we find
∇2h¯00 = −8πρ∗ , (27)
∇2h¯ij + ∂ij h¯kk − 2∂k(ih¯kj) − ∂ij h¯00 = −8πρ∗δij . (28)
By choosing coordinates such that off-diagonal com-
ponents of h¯ij are zero, which is a standard procedure
within PPN, it is possible to write the h¯00 and h¯ij gen-
eral solutions as
h¯00 = 2U +O(4), (29)
h¯ij = 2Uδij +O(4). (30)
From eq. (27), and using that the auxiliary metric are
asymptotically flat, U is found to be (negative of) the
Newtonian potential,
U =
∫
ρ∗(t,x′) d3x′
|x− x′| . (31)
4 Apart from O(6) terms, which are not relevant.
5The above is sufficient to specify the auxiliary metric
solution up to second order. With respect to the original
metric gµν , the above solutions read, from eq. (9),
g00 ≈− 1 + 2U + 2a˜2ρ∗, (32)
gij ≈ δij + 2Uδij − 2a˜2ρ∗δij , (33)
g0i ≈ 0 , (34)
where a˜2 ≡ 8πa2.
B. Third order
Moving to the third order, only the 0i-components of
field equation contribute,
∇2 (h¯0i + 4Vi)+ 4∂tiU − ∂ikh¯k0 ≈ 0, (35)
where V i is a vector potential defined by
V i =
∫
ρ∗(t,x′)vi
|x− x′| d
3x′, ∇2V i = −4πρ∗ v¯i. (36)
To solve this equation, we impose another standard gauge
condition for PPN analyses, which is given by
∂kh¯
k
0 = 2∂th¯00. (37)
The solution is then easily obtained to be
h¯0i ≈ −4V i, (38)
and, through (9), the correspondent physical metric is,
g0i = −4V i +O(5). (39)
The gauge choice (37) is used in the more modern ap-
proach of Ref. [35], but not in the classical PPN formal-
ism [36]. However, as it will become clear later, Palatini
f(R) does not fit with the parametrized formalism and
the gauge adopted here is more suitable for derivation of
equations of motion.
C. Fourth order
Since the single metric component that needs to be
known up to the fourth order is g00, we consider,
R00 ≈− 1
2
∇2h¯00 + 1
4
(
− 2∂tth¯ii + 4∂0ih¯i0 − |~∇h¯00|2 −
− ∂ih¯kk∂ih¯00 + 2∂ih¯00∂kh¯ki + 2h¯ik∂ikh¯00
)
. (40)
For the matter part, we use expressions (32) and (39)
and compute u0 and ρ∗ up to the second order, namely
u0 = 1 +
(
2U + v2 + a˜2ρ
∗
)
+O(4), (41)
ρ∗ = ρ
(
1 + 3U +
v2
2
− 3a˜2ρ∗
)
+O(4). (42)
With the above, we find
∇2h¯00 =− 8πρ∗
(
1 +
3
2
v2 − U +Π+ 3p− 2a˜2ρ∗
)
−
− 2∂ttU. (43)
By using that the auxiliary metric is asymptotically flat,
the general solution reads
h¯00 = −2U + 2
(
ψ +
1
2
∂ttχ− U2 − 2a˜2ΦP
)
, (44)
with
ψ ≡ 3
2
Φ1 − Φ2 +Φ3 + 3Φ4, (45)
and the PN potentials that appear above are:
Φ1 =
∫
ρ∗′v′2
|x− x′| d
3x′, Φ2 =
∫
ρ∗′U ′
|x− x′| d
3x′, (46)
Φ3 =
∫
ρ∗′Π′
|x− x′| d
3x′, Φ4 =
∫
p′
|x− x′| d
3x′ , (47)
χ =
∫
ρ∗′|x− x′| d3x′, ΦP =
∫
ρ∗′2
|x− x′| d
3x′ . (48)
The potential ΦP , which we call Palatini potential, is the
single one which is absent from GR (it is the only one that
appears multiplied by a˜2). However, this is not the final
answer, since the result above only concerns the auxiliary
metric gµν . To find the corresponding expansion for the
metric gµν , we use eq. (9), implying
5
g00 ≈− 1 + 2U + 2ψ + ∂ttχ− 2U2 + a˜2
(
2ρ∗ − 4ΦP−
− 10Uρ∗ + v2ρ∗ − 2Πρ∗ + 6p− 2a˜2ρ∗2
)
+ 3a˜3ρ
∗2,
where we have defined a˜3 = 64π
2a3.
Considering the above expression for g00 there is a cou-
ple of remarks to be done: i) at the Newtonian order,
there is a Palatini correction term that is added to the
Newtonian potential and is given by a˜2ρ
∗, this term is in
general relevant for the internal stability of a given body,
say a planet, star or galaxy, but it does not change the
body center of mass trajectory (this is further detailed
5 We note that the potential χ does not appear in the approach
of Refs. [28, 36], but it appears in Ref. [35], due to a gauge
difference.
6in Section V). ii) Although gµν does not depend on a3,
this term has, in general, a dynamical effect at the first
PN order; while an with n ≥ 4 has no dynamical im-
pact up to the first PN order. This implies that these
results can be trivially generalized to a non-analytical
f(R) only in case the non-analytical part of f(R) can be
shown to be of higher order than R3. iii) If there is no
matter (ρ∗ = p = 0) in a given spacetime region, then in
that region Palatini gravity should coincide with GR, as
we have previously shown. Nonetheless, there is a single
term in g00 that does not appear in GR and does not
vanish if ρ∗ → 0 and p → 0 locally: the ΦP potential.
Therefore, there must exist a redefinition such that this
term is absorbed by the other ones. Indeed, if the mi-
crophysics of the gravitational source is not sufficiently
well constrained, while the orbits are assumed to be well
constrained, one can redefine Π and p as Πeff and peff,
such that
ρ∗Πeff + 3peff = ρ
∗Π+ 3p− 2a˜2ρ∗2 . (49)
This redefinition implies that Palatini f(R) gravity in
vacuum can be recast as GR in vacuum with a perfect
fluid as the gravitational source, but with a different per-
fect fluid description. This observation does not hold in-
side matter.6 It was only introduced to explicitly recover
GR in vacuum, eliminating the ΦP potential from the
metric.7 This redefinition will be further discussed in
the context of conserved quantities, in Sec. IV.
Collecting together the previous results,
g00 ≈− 1 + 2U + 2ψ + ∂ttχ− 2U2 − 4a˜2ΦP + 3a˜3ρ∗2
+ a˜2ρ
∗
(
2− 10U + v2− 2Π + 6p/ρ∗− 2a˜2ρ∗
)
, (50)
g0i ≈− 4V i, (51)
gij ≈δij + 2 (U + a˜2ρ∗) δij . (52)
Besides the Φp potential, the metric above contains var-
ious terms that are outside the standard Will-Nordvedt
parametrization; implying that it is not correct to infer
any immediate bound on any parameter.
As expected, when a˜2 and a˜3 go to zero, the 1PN met-
ric of GR is recovered. Also, we note that our result for
the metric is not in conflict with previous analysis on the
PN limit of f(R) Palatini theories using the scalar-tensor
equivalence [32, 39, 40], when the latter are particular-
ized to an analytic f(R) function. On the other hand, the
relevant particular case here studied allow us to present
all the terms in explicit form and to proceed rigorously
with the PPN formalism.
6 Rastall gravity [37] is an example of a theory that was proposed
as a modified gravity theory, but that it can be fully recast as a
modified perfect fluid [38]. Apart from vacuum, this is not the
case of Palatini f(R).
7 One can also directly check that this same redefinition also re-
moves ΦP from the geodesics up to the 1PN order, eq. (A1).
Before considering further details inside matter, we
comment on the trajectory of electromagnetic waves (or
light in particular). All the experiments used to con-
straint the trajectories and time delays of electromag-
netic waves do not depend on a given medium, they only
depend on the vacuum spacetime. Hence, the only met-
ric that such experiments can probe for Palatini f(R)
gravity is the Schwarschild-de Sitter metric. Such elec-
tromagnetic experiments cannot infer any difference with
respect to GR. It should be recalled the following nat-
ural assumptions: i) Λeff is assumed to be sufficiently
small such that asymptotic flatness is in agreement with
the solar system; ii) there is no data and theory avail-
able capable of deriving the gravitational mass, up to
the 1PN order, of the Sun or the planets from the mi-
crophysics of their internal structure, this independently
from gravitational experiments. Therefore, the γ value
within Palatini f(R) gravity is precisely 1, just like GR.
We remark that this result on γ does not depend on f(R)
being analytical. This is in contrast with a result from
Ref. [39]: the reason for the difference comes from non-
asymptotically flat effects which should not be considered
in PPN, unless a proper explanation on the validity of the
method is included.8
To determine the equations of motion of massive,
finite-volume bodies, further details are necessary. The
first step is to examine the PN hydrodynamics in order
to find the conserved quantities.
IV. CONSERVED QUANTITIES
The re-scaled density ρ∗ allows one to define the fluid
material mass in a given volume as follows,9
m =
∫
ρ∗d3x . (53)
Hence, for an isolated body, by using the continuity equa-
tion for ρ∗ (16), mass is a constant,
dm
dt
= 0 . (54)
In the above, it was used that the density ρ∗ is zero at
the boundary of the integration volume. The statement
above only depends on the fluid definition, not on the
used gravity model. The situation is different for energy
conservation.
8 Indeed, the meaning of light bending in the presence of a cos-
mological constant has several subtleties and it has generated a
debate in the literature (see e.g., [41–44]). The Will-Nordtvedt
PPN formalism was not built to handle such issues nor non-
asymptotically-flat spacetimes in general.
9 We use the term “material mass” in the same sense used in
Ref. [35]. It is different from inertial mass, passive gravitational
mass and active gravitational mass.
7From the energy-momentum tensor conservation (4),
we write
∂ν(
√−gT µν) + Γµλν(
√−gT λν) = 0. (55)
For µ = 0 and up to O(1), the mass continuity equation
(16) is recovered; but considering this equation at the
third order O(3), one gets
ρ∗
d
dt
(
v2
2
+ Π
)
+ ∂i(pv
i) −
− viρ∗∂iU − a˜2
2
vi∂i(ρ
∗2) = 0 . (56)
This result can be expressed as a energy conservation
statement for an isolated body,
dE
dt
= 0, (57)
with
E ≡
∫ (
1
2
ρ∗v2 + ρ∗Π− 1
2
ρ∗U − a˜2
2
ρ∗2
)
d3x. (58)
To show the above result, we used that for an arbi-
trary function f(t, x), and considering the integration on
a volume that only includes an isolated body (i.e., ρ∗ = 0
at the boundary), we have
d
dt
∫
ρ∗f d3x =
∫ (
ρ˙∗f + ρ∗f˙
)
d3x
=
∫
ρ∗
df
dt
d3x . (59)
The continuity equation for ρ∗, eq. (16), was used above.
This is sufficient for explaining the two first terms in
eq. (58). The third term, which depends on U , is derived
in detail in Ref. [35]. For the fourth term, which is the
single additional contribution from Palatini f(R), it is
used that∫
vi∂i(ρ
∗2) d3x = 2
∫
ρ∗ρ˙∗ d3x =
d
dt
∫
ρ∗2 d3x . (60)
The total mass-energy of the fluid is then defined as,
M = m+ E, (61)
and, through Eqs. (54) and (57), it satisfies dM/dt = 0.
Considering the case in which Palatini gravity in vac-
uum yields the same gravitational mass of GR, the energy
E from Palatini can be expressed as energy from GR de-
rived from a body whose effective internal energy is given
by
Πeff = Π− a˜2
2
ρ∗ . (62)
Together with eq. (49), this implies that
peff = p− a˜2
2
ρ∗2 . (63)
Considering now the case µ = i in eq. (55), at the first
nontrivial order one finds
ρ∗
dvj
dt
= ρ∗∂jU − ∂j
(
p− a˜2
2
ρ∗2
)
= ρ∗∂jU − ∂jpeff . (64)
Although at the first sight the a˜2 term above could be
seen as a correction to the Euler equation that would de-
pend ultimately on how the pressure p is defined. For
many physical experiments with fluids, there is no com-
pelling reason to consider p to be the “true pressure”. In
the above, we divided the Euler equation into two parts:
the first depends on U and is the only term capable of
generating a force in vacuum. The second term depends
on the local values of p and ρ∗, hence it is non-null only
inside the fluid and it can be interpreted as an effective
pressure. This effective pressure interpretation is further
supported by eq. (63). For the majority of the Euler
equation applications, one does not define the pressure p
from the knowledge of the fluid microphysics: the pres-
sure is commonly taken to be a force per unity of area
that is locally generated by the fluid; hence, eq. (64)
is not necessarily an extended Euler equation, it is the
Euler equation. In this interpretation, peff is the physi-
cally relevant pressure while p just denotes a component
of the energy-momentum tensor without direct physical
meaning. We also stress that in practice what deter-
mines pressure is not its place in the energy-momentum
tensor, but its place in the matter field equations, which
are found from eq. (55). This is not the single possible
interpretation for peff and p, but, in order to consider
eq. (64) as a modified Euler equation, the first proper
physical meaning for p should be provided (and this step
is commonly skipped). Hence, in particular, unless fur-
ther information on how to macroscopically measure p
independently from the Euler equation is provided, we
disagree with the statement of Ref. [32] that laboratory
tests on the macroscopic Euler equation could put strong
limits on a2.
One can also find a conserved momentum quantity in
Palatini gravity. To this end, first one needs to consider
the 1PN corrections to the Euler equation. The compu-
tational details can be found in Appendix A. At the end,
one finds the following vector conservation law,
d
dt
P j = 0, (65)
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P j =
∫
ρ∗vj
(
1 +
v2
2
− U
2
+ Π +
3p
ρ∗
− a˜2ρ∗
)
d3x −
− 1
2
∫
ρ∗W jd3x. (66)
This is the total momentum which is conserved in Pala-
tini gravity. This conservation law depends on the PN
Euler equation, in the latter it is not possible to replace
Palatini contributions with effective expressions for p and
Π. If it was possible, all the Palatini effects could be in-
terpreted as changes redefinition of a perfect fluid.
The previous results show that Palatini f(R) gravity
does not violate total conservation of energy and momen-
tum in the PN regime. This is an expected outcome since
any Palatini gravity model is a Lagrangian based metric
theory with matter action being independent from the
affine connection and, as shown in [45], they should not
violate PN conservation laws. In the context of the PPN
formalism, the results obtained here directly show that
the PPN parameters ζ1, ζ2, ζ3, ζ4 and α3 are all zero in
Palatini f(R) gravity. The expressions here found show
explicitly what are the conserved quantities.
V. EQUATION OF MOTION FOR MASSIVE
BODIES
In this section we split the fluid description of the
source into N separated bodies. We aim to obtain the PN
equations of motion for the bodies center-of-mass posi-
tions. This is a realistic way to deal with the trajectories
of massive and finite volume bodies, instead of assuming
test particles. Each body indexed by A has a material
mass given by
mA =
∫
A
ρ∗d3x. (67)
The volume where the integration above is calculated is
a time-independent region of space that extends beyond
the volume occupied by the body. It is large enough that,
in a time interval dt, the body does not cross its boundary
surface but it is also small enough to not intersect with
any other body of the system. The center-of-mass of a
body A, its velocity and acceleration is then defined as
rA(t) ≡ 1
mA
∫
ρ∗x d3x, (68)
vA(t) ≡ drA
dt
=
1
mA
∫
ρ∗v d3x, (69)
aA(t) ≡ dvA
dt
=
1
mA
∫
ρ∗
dv
dt
d3x . (70)
In the above, we used the property (59). Following [35],
the center-of-mass acceleration of each body is decom-
posed into three parts,
aA = a
Newt
A + a
PN
A + a
Str
A . (71)
The first is the Newtonian contribution, the second is
the PN contribution apart from structural contributions.
Considering the solar system application, aStrA only de-
pends on interactions among the planets and the planet
into itself. The interaction of a planet into itself is rel-
evant for studying the planet stability (which is not our
purpose here) and it may also be relevant for the center-
of-mass acceleration. The latter is not the case of GR,
but it is relevant for some gravitational theories (e.g., the
Nordtvedt effect [25, 26]).
The integrand of eq. (70) is found from the Euler equa-
tion with its PN extension, which comes from eq. (55),
and it reads
ρ∗
dvj
dt
= ρ∗∂jU − ∂jp+
(
v2
2
+ U +Π+
p
ρ∗
)
∂jp −
− vj∂tp+ ρ∗
[
(v2 − 4U)∂jU + 4∂tV j + ∂jψ
+ 4vk∂[kVj] +
1
2
∂ttjχ− vj(3∂tU + 4vk∂kU)
]
−
− a˜2ρ∗
(
v2
2
+ U +Π
)
∂jρ
∗ +
a˜2
2
vj∂t(ρ
∗2)+
+ a˜2∂j
[
ρ∗2
(
1
2
− v
2
2
+ 3U −Π
)]
−
− (2a˜22 + a˜3)∂j(ρ∗3)− 2a˜2ρ∗∂jΦP . (72)
We use eq. (72) in eq. (70) and compute the integrals to
obtain the center-of-mass acceleration. The integration
techniques are detailed and discussed in Appendix A. The
final results for the accelerations aNewtA ,a
PN
A and a
Str
A read
a
Newt
A = −
∑
B 6=A
mB
r2AB
nAB , (73)
a
PN
A = −
∑
B 6=A
mB
r2AB
{[
v2A − 4(vA · vB) + 2v2B −
− 3
2
(nAB · vB)2 − 5mA
rAB
− 4mB
rAB
]
nAB −
− [nAB · (4vA − 3vB)](vA − vB) +
+
7
2
∑
C 6=A,B
mC
rAB
r2BC
nBC + (74)
−
∑
C 6=A,B
mC
[
4
rAC
+
1
rBC
−
− rAB
2r2BC
(nAB · nBC)
]
nAB
}
,
9a
Str
A = −
∑
B 6=A
EB
r2AB
nAB . (75)
In the above expressions, we use the definitions rAB =
rA − rB, rAB = |rAB| and nAB = rAB/rAB. These
equations have no explicit dependence on either a2 or a3
and they are identical, in form, to the corresponding GR
expressions [35]. There is a single implicit diference, it
is inside the constant EB, which is the energy associated
with the planet indexed with B. Indeed, according to
eq. (58), the energy expression has a correction that de-
pends on a2. However, using the effective internal energy
Πeff (62), the a2 dependence also vanishes and the center-
of-mass acceleration expressions become identical to the
GR ones. Similar results, in the context of compact ob-
jects and using other methods, were obtained in Ref. [46],
where the orbital motion of binary systems were found
to be the same of GR, apart from a mass redefinition.
Although the metric in Palatini f(R) gravity depends
on terms that are outside the standard PPN formal-
ism, the above equations of motion can be directly com-
pared to the general equations of motion of the formal-
ism (Appendix B). Therefore, considering the physical
interpretation of the PPN parameters, one concludes
that the remaining PPN parameters are β = 1 and
α1 = α2 = ξ = 0. Hence the values of all the PPN pa-
rameters are the same of GR. To be clear, this does not
imply that Palatini f(R) theories, with analytical f(R),
are identical to GR, only that the set of tests performed
in the PPN context (which include solar system tests) is
not sensitive to such differences.
VI. DISCUSSION ON AN HEURISTIC
ARGUMENT FOR THE ORBITS OF TEST
PARTICLES AND MASSIVE BODIES
In Ref. [26] there is an argument, suggested by Richard
Price, on why the internal structure of planets does not
influence their center-of-mass orbits in GR, while their in-
ternal structures can influence other theories, like scalar-
tensor and metric f(R) theories through the Nordtvedt
effect. We comment here that the same argument also
holds for Palatini f(R) gravity whenever the f(R) func-
tion is such that it admits solutions for the planets
that are sufficiently close to being asymptotically flat.
This both presents a more intuitive understanding for
our results and further extends them towards some non-
analytical f(R) cases. The argument goes as follows [26]:
“Consider a massive body located in an external gravita-
tional field which can be considered uniform over a region
that is very large compared with the body’s gravitational
radius. Focus attention on a large volume of space V
surrounding the massive body—a volume so large that in
its outer regions the spacetime curvature produced by the
body itself is small to some desired accuracy (asymptotic
flatness); but a volume still small enough that throughout
it the external gravitational field is homogeneous to some
other desired accuracy. In the outer regions of V one can
introduce an inertial reference frame that falls freely in
the homogeneous external field. Of course, that inertial
frame cannot be extended into the massive body; but it
does completely surround the body (asymptotic flatness).
Conservation of the body’s total four-momentum in that
frame (valid for any massive body in asymptotically flat
spacetime) guarantees that, if it is initially at rest in our
inertial frame, it will always remain at rest there. Sim-
ilarly, any test particle (far from the massive body) ini-
tially at rest will remain at rest. Thus both test parti-
cles and the massive body are tied to the inertial frame.
This means that, as seen in the original accelerated frame
where the external field is manifest, they fall with identi-
cal accelerations.”
Although GR was the original context of the argu-
ment above, it can be applied to a large class of Palatini
f(R) theories. This class needs not to be analytical but
needs to admit solutions that are sufficiently close to be-
ing asymptotically flat, as described above. When these
conditions are met, and since there is energy-momentum
conservation in Palatini gravity (Section IV), test par-
ticles in Palatini f(R) will describe the same center-of-
mass orbits of the massive-finite-volume planets. Also,
since test particles have the same geodesics of GR, con-
sidering the internal energy redefinition as detailed in
Section II, the PPN parameters of this Palatini f(R) class
of theories will have the GR values.
Considering the argument above, unless there is a
physical procedure capable of testing the internal energy
redefinition (62), or unless the approximation on asymp-
totically flatness fails, GR and Palatini f(R) yield ex-
actly the same physics for the solar system orbits. For
the first case, evaluating gravitational effects from the in-
ternal energy at atomic level may be a fruitful route, and
there is a current debate on this subject within GR (e.g.,
[47–49]). A priori, and assuming the existence of some
interpretation in which it would be possible to physically
distinguish Π and Πeff, if future experimental results im-
ply that the internal energy of the system does not gener-
ate the expected amount of gravitational effects, then the
Palatini f(R) energy shift (62) may be used to explain
the mismatch. In order to study microscopic properties
of matter with Palatini gravity, it may be relevant to
couple Palatini gravity to the Dirac equation. This type
of coupling is not covered by our analysis, since it cor-
responds to a Smatter that depends on the connection Γ.
According to Ref. [50], which considers the Dirac equa-
tion and f(R) = R + α2R
2, the parameter α2 can be
constrained in this setting.
VII. CONCLUSION
Here we present a detailed post-Newtonian analysis of
Palatini f(R) dynamics at the solar system, and we con-
sidered the restriction to analytic f(R) expressions. The
latter restriction is essential for finding a picture closer
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to the standard Will-Nordtvedt PPN formalism [27, 28].
Considering the previous analyses of Palatini f(R) grav-
ity in the solar system context [32, 34, 39, 40], our work
does not use the equivalence between f(R) and scalar-
tensor theories and, more importantly, we test directly
the equations of motion, which is a necessary step since
Palatini f(R) gravity leads to new terms in the metric
that are not part of the 10 potentials from the standard
Will-Nordtvedt PPN formalism.
We find that the equations of motion of the center-
of-mass orbits are precisely the same as in GR, even in
the case that the planets are seen as massive bodies of
finite volume. To achieve this conclusion, redefinitions
of energy and momentum were necessary (49, 62, 63).
These are not sensitive to the type of experiment per-
formed for the solar system orbits, but in principle may
be constrained by atomic level experiments, as discussed
in Section VI.
For analytic f(R) functions with negligible Λeff (12),
and in contrast to some results of Ref. [32], we find no re-
striction on the coefficients of R2 and R3 based on either
the orbits of the planets or on (macroscopic) laboratory
tests of the Euler equation. The latter since we find no
reason to interpret eq. (64) as a modified Euler equation,
we understand it as the Euler equation itself, but written
in a different form. Hence, from the tests here considered,
we find no need for demanding that f(R), within analyt-
ical Palatini gravity, should be close to a linear function:
the coefficients of R2 and higher powers on R can be arbi-
trary. As commented in Sec. VI, these results can be ex-
tended towards some non-analytical f(R) functions, this
whenever the spacetime can be considered, within some
approximation, as being asymptotically flat far from the
matter distributions.
Our conclusions, as above explained, do not apply in
general to f(R) functions that include the term 1/R; un-
less the corresponding coefficient of the 1/R term is suf-
ficiently small, in order to assure an asymptotic-flatness-
like behaviour up to some radius. We remark that some
works in the literature (e.g., [32, 51]) show that the 1/R
term can introduce considerable differences with respect
to GR, implying that there are physical constraints on
the value of the 1/R coefficient. Hence, with respect to
the 1/R term, there is no incompatibility with our re-
sults.
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Appendix A: On the derivation of the conserved
momentum and the center-of-mass acceleration
In this appendix we detail the main mathematical pro-
cedures used in Sections IV and V. We start by the pro-
cedure to obtain the conserved momentum present in
eq. (66). Taking the PN contribution in eq. (55), one
can write,
0 = ∂t(µρ
∗vj) + ∂k(µρ
∗vkvj) + 2∂j(Up) −
− ρ∗
(
3
2
v2 − U +Π+ 3 p
ρ∗
)
∂jU + 4ρ
∗vk∂jVk +
+ 2ρ∗
d
dt
(
Uvj − 2V j)− ρ∗∂jψ − 1
2
ρ∗∂ttjχ +
+ a˜2
[
− 2ρ∗ d
dt
(ρ∗vj) + 2ρ∗2∂jU + 2ρ
∗∂jΦP +
+ ∂j
(
2ρ∗2U − ρ∗p+ 1
2
ρ∗2v2 −
− ρ∗2Π+ 5
3
a˜2ρ
∗3 +
a˜3
a˜2
ρ∗3
)]
. (A1)
In the above, the Euler equation (64) was used and
µ ≡ v
2
2
+ U +Π+
p
ρ∗
+ a˜2ρ
∗. (A2)
We now integrate over the volume occupied by the fluid.
All the terms not proportional to a˜2 are standard GR
terms and their integration are detailed in [35]. The first
term inside the square bracket is solved through relation
(59), while the second and third ones cancel each other
when integrated. The latter can be verified using the
“switch trick”, which consists in interchanging the vari-
ables x↔ x′ inside the integral,
∫
ρ∗∂jΦP d
3x =
∫
ρ∗ρ∗′2∂j(|x− x′|−1)d3x′d3x
↔
=
∫
ρ∗′ρ∗2∂′j(|x′ − x|−1)d3xd3x′−
−
∫
ρ∗2ρ∗′∂j(|x− x′|−1)d3x′d3x
=−
∫
ρ∗2∂jUd
3x, (A3)
where the symbol
↔
= indicates when the switch trick was
performed and the identity ∂j [f(x−x′)] = −∂′j [f(x−x′)]
was also used.
With the above results, one easily finds the Palatini
contribution in eq. (66).
Let us now analyze the integration of eq. (72), in order
to obtain the PN expression for the body’s acceleration.
First, we use Euler’s equation (64) to express the second
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time derivative of χ in terms of other potentials, namely
∂ttχ = Φ1 + 2Φ4 − Φ5 − Φ6 − a˜2ΦP , (A4)
where,
Φ5 =
∫
ρ∗′∂′kU
′ (x− x′)k
|x− x′| d
3x′, (A5)
Φ6 =
∫
ρ∗′v′kv
′
j
(x− x′)k(x− x′)j
|x− x′|3 d
3x′. (A6)
To integrate eq. (72), it is introduced relative variables
with respect to the center-of-mass, said x¯ = x− rA and
v¯ = v − vA. Each body of the system is assumed to
be reflection-symmetric above its own center-of-mass, for
example ρ∗(t, rA − x¯) = ρ∗(t, rA + x¯), and the same for
the pressure p and the internal energy density Π. This
symmetry allows to eliminate any integral having an odd
number of internal vectors, such as x¯, v¯ or ∇p. Also,
the gravitational potentials are separated into an inter-
nal part, produced by the body A, and an external one
sourced by the remaining bodies of the system. For in-
stance,
ΦP =
∫
A
ρ∗′2
|x− x′| d
3x′ +
∑
B 6=A
∫
B
ρ∗′2
|x− x′| d
3x′,
≡ ΦP,A +ΦextP,A. (A7)
When integrating the parts containing the internal pieces
both integrals will have the same domain, so they can be
computed with the help of the switch trick mentioned
before. Assuming a wide separation between bodies im-
plies that, when evaluating an external potential within
the body A, it can be expanded in a Taylor series. As an
example, one has
ΦextP,A(t,x) ≈ ΦextP,A(t, rA) + x¯j∂jΦextP,A(t, rA) + . . . . (A8)
The series is truncated in its second term since the next
terms are at least of order (RA/rAB)
2, where RA is the
typical body radius and rAB = |rA−rB| is the interbody
distance. This expansion is used to extract the external
pieces of potentials from the integrals. At the end, the
acceleration of the center-of-mass of a body A can be
written as
ajA = ∂jU
ext
A −
1
mA
[(
4H
(jk)
A − 3KjkA + P˙Aδjk +
+ E˙P,Aδ
jk − 2L(jk)A − 2L(jk)P,A
)
vkA +
+4
(
2T jkA +ΩjkA + PAδjk + EP,Aδjk
)
∂kU
ext
A +
− (2TA +ΩA + 3PA + 3EP,A) ∂jUextA
]
+
+
1
c2
[
(v2A − 4UextA )∂jUextA − vjA(4vkA + 3∂tUextA )−
− 4vkA∂[jV extk],A + 4∂tV extj,A + ∂jψextA −
5a˜2
2
∂jΦ
ext
P,A
]
,
(A9)
where
TA = 1
2
∫
A
ρ∗v¯2d3x¯, (A10)
ΩA =− 1
2
∫
A
ρ∗Ud3x¯, (A11)
EP,A =− a˜2
2
∫
A
ρ∗2d3x¯, (A12)
PA =
∫
A
pd3x¯, (A13)
T jkA =
1
2
∫
A
ρ∗v¯j v¯kd3x¯, (A14)
ΩjkA =−
1
2
∫
A
ρ∗ρ∗′
(x¯ − x¯′)j(x¯− x¯′)k
|x¯− x¯′|3 d
3x¯′d3x¯, (A15)
HjkA =
∫
A
ρ∗ρ∗′
v¯′j(x¯− x¯′)k
|x¯− x¯′|3 d
3x¯′d3x¯, (A16)
KjkA =
∫
A
ρ∗ρ∗′
v¯′n(x¯− x¯′)n(x¯ − x¯′)j(x¯− x¯′)k
|x¯− x¯′|5 d
3x¯′d3x¯,
(A17)
LjkA =
∫
A
v¯j∂kp d3x¯, (A18)
LjkP,A =−
a˜2
2
∫
A
v¯j∂k(ρ∗2)d3x¯. (A19)
are called structure integrals and the external potentials
must be evaluated at x = rA, after differentiation.
With the assumption that any modification in the in-
ternal structure of each body occurs only in a time scale
much longer than its orbital period, it is possible to de-
rive equilibrium conditions from the time-independence
of the quadrupole moment of mass distribution [35]. The
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relevant expressions here are the following ones,
2T jkA + PAδjk +ΩjkA + EP,Aδjk = 0, (A20)
2TA + 3PA +ΩA + 3EP,A = 0, (A21)
4H
j(k)
A − 3K(jk)A + P˙Aδjk + E˙P,Aδjk −
− 2L(jk)A − 2L(jk)P,A = 0, (A22)
where it was also assumed that the bodies are not
spinning. Expressions above then eliminate the self-
interaction terms from aA.
The next task is to express the external potentials ex-
plicitly in terms of the center-of-mass positions and their
velocities. Exemplifying with ∂jΦ
ext
P,A, one has
a˜2
2
∂jΦ
ext
P,A = −
a˜2
2
∑
B 6=A
∫
B
ρ∗′2(rA − x′)j
|rA − x′|3 d
3x′
= − a˜2
2
∑
B 6=A
∫
B
ρ∗′2(rAB − x¯′)j
|rAB − x¯′|3 d
3x¯′, (A23)
It is used, once more, that the bodies are widely sepa-
rated and the terms |rAB − x¯′| are expanded in powers
of x¯′, yielding
a˜2
2
∂jΦ
ext
P,A =−
a˜2
2
∑
B 6=A
njAB
r2AB
∫
B
ρ∗′2d3x¯′
=
∑
B 6=A
EP,B n
j
AB
r2AB
, (A24)
where nAB = rAB/rAB. Only two terms in the series
expansion was considered, since the other ones are at
least of order (RA/rAB)
2 and can be neglected. Also,
the second term leads to a vanishing integral due to an
odd number of internal vectors.
Proceeding in similar lines with the others potentials,
it is then achieved the final expression given in (73)-(75).
Appendix B: Metric and equations of motion in the
PPN formalism
The modern PPN formalism, as presented by Will and
Nordtvedt, propose a general metric expanded in terms
of gravitational potentials and ten constant parameters,
g00 = −1 + 2U − 2βU2 + (2γ + 2 + α3 + ζ1 − 2ξ)Φ1+
+2(3γ − 2β + 1 + ζ2 + ξ)Φ2 + 2(1 + ζ3)Φ3+
+2(3γ + 3ζ4 − 2ξ)Φ4 − (ζ1 − 2ξ)Φ6+
− 2ξΦW + (1 + α2 − ζ1 − 2ξ)∂ttχ
g0i = −(2γ + 2 + α1/2)Vi (B1)
gij = (1 + 2γ U) δij .
The above metric is in the gauge used in ref. [35], the
same worked in this paper. The particular way in what
the PPN coefficients are presented ensures specific phys-
ical meanings to each of them (see Ref [27])
Using the PN metric the equations of motion are de-
rived. In the case of photons, it is used the geodesic
equation, yielding
dnj
dt
= (1 + γ)
(
δjk − njnk) ∂kU, (B2)
where nj is a unitary vector for the velocity of the photon.
For massive bodies, the procedure is the same develop
before and the acceleration of a body A can be written
as aA = a
Ext
A + a
Self
A . The a
Ext
A contains only the effects
produced by the other bodies of the system. Thus, it
includes the results found in eqs. (73)-(75) for Palatini
gravity. The aSelfA part accounts for the self acceleration
term since it depends on the internal structure of the
body A. Their respective expressions are shown below.
13
a
Ext
A =−
∑
B 6=A
MB
r2AB
{[
1 + γv2A − (2γ + 2 + 12α1)(vA · vB) + (γ + 1 + 12α2 + 12α3)v2B −
− 3
2
(1 + α2)(nAB · vB)2 − (2γ + 2β + 1 + 12α1 − ζ2)
mA
rAB
− (2γ + 2β)mB
rAB
]
nAB −
− nAB · [(2γ + 2)vA − (2γ + 1)vB]vA +
+ nAB · [(2γ + 2 + 12α1)vA − (2γ + 1 + 12α1 − α2)vB]vb +
+
1
2
(4γ + 3− 2ξ + α1 − α2 + ζ1)
∑
C 6=A,B
MC
rAB
r2BC
nBC − (B3)
−
∑
C 6=A,B
MC
[
(2γ + 2β − 2ξ) 1
rAC
+ (2β − 1− 2ξ − ζ2) 1
rBC
−
− 1
2
(1 + 2ξ + α2 − ζ1)rAB
r2BC
(nAB · nBC)− ξ rBC
r2AC
(nAC · nBC)
]
nAB −
− ξ
∑
C 6=A,B
MC
rAB
[(nAC − nBC)− 3nAB · (nAC − nBC)nAB]
}
,
aSelf, jA =
∑
B 6=A
MB
[
(4β − γ − 3− 4ξ − α1 + α2 − ζ1) ΩA
MA
∂j
(
1
rAB
)
−
− (α2 − ζ1 + ζ2)Ω
jk
A
MA
∂k
(
1
rAB
)
+ ξ
ΩklA
MA
∂jkl(rAB) + (B4)
+ (4β − γ − 3− 4ξ − 12α3 − 2ζ2)
ΩB
MB
∂j
(
1
rAB
)
+ (ξ − 12ζ1)
ΩklB
MA
∂jkl(rAB) −
− ζ3E
int
B
MB
∂j
(
1
rAB
)
+ (32α3 − 3ζ4 + ζ1)
PB
MB
∂j
(
1
rAB
)]
− α3
MA
HjkA vA,k.
[1] G. J. Olmo and D. Rubiera-Garcia, Pala-
tini f(R) Black Holes in Nonlinear Elec-
trodynamics, Phys. Rev. D84, 124059 (2011),
arXiv:1110.0850 [gr-qc].
[2] G. J. Olmo and D. Rubiera-Garcia, Nonsingular
Black Holes in f(R) Theories, Universe 1, 173 (2015),
arXiv:1509.02430 [hep-th].
[3] D. Bazeia, L. Losano, G. J. Olmo, and D. Rubiera-
Garcia, Black holes in five-dimensional Palatini
f(R) gravity and implications for the AdS/CFT
correspondence, Phys. Rev. D90, 044011 (2014),
arXiv:1405.0208 [hep-th].
[4] C. Bejarano, G. J. Olmo, and D. Rubiera-Garcia,
What is a singular black hole beyond Gen-
eral Relativity?, Phys. Rev. D95, 064043 (2017),
arXiv:1702.01292 [hep-th].
[5] G. J. Olmo and D. Rubiera-Garcia, Non-
singular black holes in quadratic Pala-
tini gravity, Eur. Phys. J. C72, 2098 (2012),
arXiv:1112.0475 [gr-qc].
[6] G. J. Olmo and D. Rubiera-Garcia, Reissner-
Nordstro´m black holes in extended Pala-
tini theories, Phys. Rev. D86, 044014 (2012),
arXiv:1207.6004 [gr-qc].
[7] C. Bambi, A. Cardenas-Avendano, G. J.
Olmo, and D. Rubiera-Garcia, Wormholes
and nonsingular spacetimes in Palatini
f(R) gravity, Phys. Rev. D93, 064016 (2016),
arXiv:1511.03755 [gr-qc].
[8] G. J. Olmo, D. Rubiera-Garcia, and A. Sanchez-
Puente, Classical resolution of black hole singu-
larities via wormholes, Eur. Phys. J. C76, 143 (2016),
arXiv:1504.07015 [hep-th].
[9] G. J. Olmo, D. Rubiera-Garcia, and A. Sanchez-
Puente, Geodesic completeness in a wormhole space-
time with horizons, Phys. Rev. D92, 044047 (2015),
arXiv:1508.03272 [hep-th].
[10] K. Kainulainen, V. Reijonen, and D. Sun-
hede, The Interior spacetimes of stars in Pala-
tini f(R) gravity, Phys. Rev. D76, 043503 (2007),
arXiv:gr-qc/0611132 [gr-qc].
[11] V. Reijonen, On white dwarfs and neutron stars in Pala-
tini f(R) gravity, (2009), arXiv:0912.0825 [gr-qc].
[12] G. Panotopoulos, Strange stars in f(R) the-
14
ories of gravity in the Palatini formalism,
Gen. Rel. Grav. 49, 69 (2017), arXiv:1704.04961 [gr-qc].
[13] F. A. Teppa Pannia, F. Garca, S. E. Perez Bergli-
affa, M. Orellana, and G. E. Romero, Structure
of Compact Stars in R-squared Palatini Gravity,
Gen. Rel. Grav. 49, 25 (2017), arXiv:1607.03508 [gr-qc].
[14] A. Wojnar, On stability of a neutron star sys-
tem in Palatini gravity, Eur. Phys. J. C78, 421 (2018),
arXiv:1712.01943 [gr-qc].
[15] E. Barausse, T. P. Sotiriou, and J. C. Miller, Curva-
ture singularities, tidal forces and the viability of Pala-
tini f(R) gravity, Class. Quant. Grav. 25, 105008 (2008),
arXiv:0712.1141 [gr-qc].
[16] E. Barausse, T. P. Sotiriou, and J. C. Miller,
A No-go theorem for polytropic spheres in Pala-
tini f(R) gravity, Class. Quant. Grav. 25, 062001 (2008),
arXiv:gr-qc/0703132 [GR-QC].
[17] P. Pani and T. P. Sotiriou, Surface sin-
gularities in Eddington-inspired Born-Infeld
gravity, Phys. Rev. Lett. 109, 251102 (2012),
arXiv:1209.2972 [gr-qc].
[18] Y. H. Sham, P. T. Leung, and L. M. Lin,
Compact stars in Eddington-inspired Born-
Infeld gravity: Anomalies associated with
phase transitions, Phys. Rev. D87, 061503 (2013),
arXiv:1304.0550 [gr-qc].
[19] G. J. Olmo, Re-examination of Polytropic Spheres in
Palatini f(R) Gravity, Phys. Rev. D78, 104026 (2008),
arXiv:0810.3593 [gr-qc].
[20] A. Mana, L. Fatibene, and M. Ferraris, A further
study on Palatini f(R)-theories for polytropic stars,
JCAP 1510 (10), 040, arXiv:1505.06575 [gr-qc].
[21] A. Wojnar, Polytropic stars in Palatini gravity,
Eur. Phys. J. C79, 51 (2019), arXiv:1808.04188 [gr-qc].
[22] A. Sergyeyev and A. Wojnar, The Palatini star: exact
solutions of the modified Lane-Emden equation, (2019),
arXiv:1901.10448 [gr-qc].
[23] S. Capozziello and S. Vignolo, The Cauchy
problem for f(R)-gravity: An Overview,
Int. J. Geom. Meth. Mod. Phys. 9, 1250006 (2012),
arXiv:1103.2302 [gr-qc].
[24] S. Liang and Y. Xie, New upper limit on the
cosmological constant from solar system dynamics,
Res. Astron. Astrophys. 14, 527 (2014).
[25] K. Nordtvedt, Equivalence Principle for Massive Bodies.
2. Theory, Phys. Rev. 169, 1017 (1968).
[26] C. M. Will, Theoretical Frameworks for Test-
ing Relativistic Gravity. 2. Parametrized Post-
Newtonian Hydrodynamics, and the Nordtvedt Effect,
Astrophys. J. 163, 611 (1971).
[27] C. M. Will, Theory and experiment in gravitational
physics, 2nd ed. (Cambridge University Press, Cam-
bridge, 1993).
[28] C. M. Will, The Confrontation between General Rela-
tivity and Experiment, Living Rev. Rel. 17, 4 (2014),
arXiv:1403.7377 [gr-qc].
[29] J. D. Toniato and M. Novello, Gravitational waves in ge-
ometric scalar gravity, (2016), arXiv:1607.01037 [gr-qc].
[30] M. Hohmann, Parametrized post-
Newtonian limit of Horndeski’s grav-
ity theory, Phys. Rev. D92, 064019 (2015),
arXiv:1506.04253 [gr-qc].
[31] T. Clifton, The Parameterised Post-
Newtonian Limit of Fourth-Order Theories
of Gravity, Phys. Rev. D77, 024041 (2008),
arXiv:0801.0983 [gr-qc].
[32] G. J. Olmo, Post-Newtonian constraints
on f(R) cosmologies in metric and Pala-
tini formalism, Phys. Rev. D72, 083505 (2005),
arXiv:gr-qc/0505135 [gr-qc].
[33] G. J. Olmo, Palatini Approach to Mod-
ified Gravity: f(R) Theories and Be-
yond, Int. J. Mod. Phys. D20, 413 (2011),
arXiv:1101.3864 [gr-qc].
[34] G. Allemandi, M. Francaviglia, M. L. Ruggiero, and
A. Tartaglia, Post-Newtonian parameters from alterna-
tive theories of gravity, Gen. Rel. Grav. 37, 1891 (2005),
arXiv:gr-qc/0506123 [gr-qc].
[35] E. Poisson and C. M. Will, Gravity: Newtonian, Post-
Newtonian, Relativistic (Cambridge University Press,
2014).
[36] C. Will, Theory and experiment in gravitational physics
(Cambridge University Press, 1993).
[37] P. Rastall, Generalization of the einstein theory,
Phys.Rev. D6, 3357 (1972).
[38] M. Visser, Rastall gravity is equivalent to
Einstein gravity, Phys. Lett. B782, 83 (2018),
arXiv:1711.11500 [gr-qc].
[39] G. J. Olmo, The Gravity Lagrangian
according to solar system experi-
ments, Phys. Rev. Lett. 95, 261102 (2005),
arXiv:gr-qc/0505101 [gr-qc].
[40] T. P. Sotiriou, The Nearly Newto-
nian regime in non-linear theories of
gravity, Gen. Rel. Grav. 38, 1407 (2006),
arXiv:gr-qc/0507027 [gr-qc].
[41] W. Rindler and M. Ishak, Contribution of the
cosmological constant to the relativistic bending
of light revisited, Phys.Rev. D76, 043006 (2007),
arXiv:0709.2948 [astro-ph].
[42] T. Biressa and J. de Freitas Pacheco, The Cosmo-
logical Constant and the Gravitational Light Bending,
Gen.Rel.Grav. 43, 2649 (2011), arXiv:1105.3907 [gr-qc].
[43] O. F. Piattella, Lensing in the McVittie
metric, Phys. Rev. D93, 024020 (2016), [Er-
ratum: Phys. Rev.D93,no.12,129901(2016)],
arXiv:1508.04763 [astro-ph.CO].
[44] V. Faraoni and M. Lapierre-Leonard, Be-
yond lensing by the cosmological con-
stant, Phys. Rev. D95, 023509 (2017),
arXiv:1608.03164 [gr-qc].
[45] D. L. Lee, A. P. Lightman, and W. T. Ni, Conservation
laws and variational principles in metric theories of grav-
ity, Phys. Rev. D10, 1685 (1974).
[46] K. Enqvist, H. J. Nyrhinen, and
T. Koivisto, Binary systems in Palatini-
f(R) gravity, Phys. Rev. D88, 104008 (2013),
arXiv:1308.0988 [gr-qc].
[47] M. Zych, F. Costa, I. Pikovski, and C. Brukner, Quan-
tum interferometric visibility as a witness of general
relativistic proper time, Nature Commun. 2, 505 (2011),
arXiv:1105.4531 [quant-ph].
[48] I. Pikovski, M. Zych, F. Costa, and C. Brukner,
Universal decoherence due to gravitational
time dilation, Nature Phys. 11, 668 (2015),
arXiv:1311.1095 [quant-ph].
[49] P. K. Schwartz and D. Giulini, Post-Newtonian
Hamiltonian description of an atom in a weak
15
gravitational field, Phys. Rev. A100, 052116 (2019),
arXiv:1908.06929 [quant-ph].
[50] G. J. Olmo, Hydrogen atom in Palatini the-
ories of gravity, Phys. Rev. D77, 084021 (2008),
arXiv:0802.4038 [gr-qc].
[51] G. J. Olmo, Violation of the Equiva-
lence Principle in Modified Theories of
Gravity, Phys. Rev. Lett. 98, 061101 (2007),
arXiv:gr-qc/0612002 [gr-qc].
